In an effort to learn more about the genomic organization of chromosomal termini in plants we employed a functional complementation strategy to isolate Arabidopsis thaliana telomeres in the yeast, Saccharomyces cerevisiae. Eight yeast eplsomes carrying A. thaliana telomeric sequences were obtained. The plant sequences carried on two episomes, YpAtTI and YpAtT7, were characterized in detail. The telomeric origins of YpAtTI and YpAtT7 Insert DNAs were confirmed by demonstrating that corresponding genomic sequences are preferentially degraded during exonucleolytic digestion. The isolated telomeric restriction fragments contain G-rich repeat arrays characteristic of A. thaliana telomeres, as well as subterminal telomere-associated sequences (TASs). DNA sequence analysis revealed the presence of variant telomeric repeats at the centromere-proximal border of the terminal block of telomere repeats. The TAS flanking the telomeric G-rich repeat in YpAtT7 corresponds to a repetitive element present at other A. thaliana telomeres, while more proximal sequences are unique to one telomere. The YpAtTI TAS is unique in the Landsberg strain of A. thaliana from which the clone originated; however, the Landsberg TAS crosshybridizes weakly to a second telomere in the strain Columbia. Restriction analysis with cytosine methylation-sensitive endonucleases indicated that both TASs are highly methylated in the genome.
INTRODUCTION
The genomic organization and genetic behavior of the DNA at chromosomal termini display several unusual features. Chromosomal termini in most, possibly all, eukaryotic organisms are capped by tandem arrays of short G-rich repeats (1) . The G-rich repeats appear to be necessary and sufficient to ensure the stability and complete DNA replication of the chromosomal termini. Although the primary sequence of the repeats varies between the eukaryotes, there is a rough consensus:
[T/A|_ 4 G|_g] n (2) . Within a particular species, the telomeric repeat can be degenerate (e.g., [TG!_ 3 ] n in 5. cerevisiae), or conform to a strict formula, as does the Tetrahymena [TTGGGG] telomere repeat. The presence of two domains within human telomeric repeat blocks was recently demonstrated; the termini of human chromosomes are comprised of uniform (TTAGGG) n arrays but the centromere-proximal border of the Grich repeat block also contains variant repeats such as TTGGGG and TGAGGG (3) .
Study of the DNA sequences which lie adjacent to the telomeric arrays, termed telomere-associated sequences (TASs), has led to further surprises. In the few organisms where TASs have been cloned and studied directly, the telomere-associated regions generally contain moderately reiterated DNA sequences which are frequently found at more than one telomere, and occasionally, at non-telomeric sites (e.g., 4, 5, 6, 7, 8, 9) . Intriguingly, the distribution of TASs among particular chromosomes can vary between strains or individuals within a species highlighting the relative fluidity of telomeric regions (5, 9, 10) . The variable distribution may result from recombination between nonhomologous chromosome ends or reflect frequent rearrangements of TASs (11, 12, 13) . Genes embedded within TASs (e.g., MAL, PHO and SUC genes in S. cerevisiae (14, 15, 16) , VSG genes in trypanosomes (17) ) can be altered and/or dispersed throughout the genome by such exchanges and rearrangements. In addition, gene conversion events mediated by TASs have been shown to allow a linear plasmid introduced into S. cerevisiae to acquire a functional telomere (i.e., telomere 'healing'), complete with telomeric repeat arrays (18) . These and other data indicate that TASs may play a role in chromosome function by providing a 'buffer zone' between the chromosome arm and the terminus in cases of telomere loss (19, 20) .
It should be noted that highly reiterated DNA families have been localized by in situ hybridization to the telomeric regions, particularly heterochromatic chromosome termini, in many species (e.g., 21, 22, 23) . Given the low resolution of in situ hybridization techniques, however, it is unclear how close these repeats approach the telomeric repeat arrays and whether they can be properly referred to as TASs.
In this report, we extend our previous characterization of the telomeric regions of the flowering plant, Arabidopsis thaliana (24) . In our initial report, we described the isolation of an A. thaliana telomeric repeat array in a bacterial plasmid. This telomeric clone demonstrated the conservation of telomere structure in eukaryotes and allowed us to determine the basic structure of A thaliana telomeres: variable length tracts (up to 2.5 kb) of [TTTAGGG] (with G-strand oriented 5' -3' towards the terminus). We now describe the structure of two A. thaliana clones containing both telomeric repeat arrays and flanking telomere-associated sequences isolated by functional complementation using a telomere-deficient yeast artificial chromosome vector. 
MATERIALS AND METHODS

Construction and Screening of the A. thaliana telomere YAC library
Approximately 15 /ig of Landsberg erecta total genomic DNA was cleaved with Xbal, followed by incubation with T4 DNA ligase and appropriate buffer (under dilute DNA conditions: 15 /tg/4 ml) to circularize nontelomeric restriction fragments (26). Free Xbal ends were then partially filled-in with DNA polymerase I Klenow fragment and dCTP + dTTP. The 'onearmed' yeast centromere plasmid, YCF4, (carrying a URA3 marker and only one functional telomere, in this case a telomere healing substrate, the yeast TAS Y') was prepared by digestion with HindSi and Bgffl, followed by a partial fill-in reaction using the Klenow fragment and dATP + dGTP. The partially filledin Xbal sites on the genomic fragments were then ligated to the compatible partially filled-in HindUl sites of the vector. The resulting ligation products were introduced into spheroplasts of the yeast strain, BF305-15d, in the presence of Lipofectin (BRL) (27) . Transformants, selected for uracil prototrophy, were screened by colony hybridization with a radiolabeled A. thaliana telomere probe. Eight transformants harboring episomes with A. thaliana telomeric sequences were found; two of these transformants, YT1 = BF30515d(YpAtTl) and YT7 = BF305-15d(YpAtT7), were characterized.
Plasmid Constructions
To aid subsequent cloning manipulations, YpAtTl and YpAtT7 were converted into circular derivatives that could be maintained in E. coli. To construct the circular derivatives the DNAs were first digested briefly with nuclease BaBl to remove approximately 50 bp from the telomeric ends to create blunt ends. The DNAs were then cleaved at an Xbal site in the Y' portion of the vector to remove the yeast telomere. The Xbal site was chosen because we expected the inserts to be devoid of Xbal sites since they were derived from A. thaliana genomic Xbal fragments with modified Xbal ends. The YpAtTl insert, however, had two Xbal sites due to the fact that this insert originated from intermolecular ligation of distinct Xbal genomic fragments (data not shown). The chimeric nature of the YpAtTl insert necessitated a partial Xbal digestion to leave the insert intact. The Xbal ends were converted to blunt ends by Klenow reactions in the presence of all four dNTPs. The DNAs were then circularized under dilute DNA concentrations using T4 DNA ligase, and introduced into an E. coli host by electroporation. The circular derivative of YpAtT 1, pAtT31, carried the chimeric insert of the parental linear plasmid. The 3.2 kb Xbal-Sacl fragment carrying the telomeric block and the TAS was removed from pAtT31 and subcloned into pBluescript SK-to produce pAtT32. The sequencing template pAtT33 (See Figure 8 ) was created by Pstl digestion of pAtT32 followed by recircularizing with T4 DNA ligase; these manipulations deleted a 2 kb Pstl fragment corresponding to the centromere-proximal portion of the TAS (one Pstl site was provided by the vector polylinker). The circular derivative of YpAtT7 was designated pAtT80, and a number of subclones of this telomeric insert were produced using pBluescript SK -and standard methods to facilitate DNA sequencing. 
Southern Hybridizations
Protocols for preparation of total genomic plant DNA were previously described (28) . Exonuclease digestion of genomic DNA was performed using 1 -5 U/ml of Bo/31 nuclease at 30°C at a DNA concentration of 7.5 to 10 /*g/ml in 12 mM CaCl 2 , 24 mM MgCl 2 , 0.2 M NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 250 /ig/ml BSA. Radiolabeled probes were prepared by the random priming method (28) . Southern blots were prepared using nylon membranes (GeneScreen, NEN) and the hybridization protocols described by Church and Gilbert (29) . The filters were washed in 0.2 x SSC, 0.1 % SDS at 65°C unless otherwise indicated in the figure legends.
DNA Sequencing
The DNA sequences presented in Figures 8 and 9 were determined by standard dideoxy techniques (28) using doublestranded templates and Sequenase™ reagents purchased from United States Biochemical Corporation. Sequencing templates were prepared using an exoHI/Sl nested deletion protocol (28) . Some regions were sequenced using oligonucleotide primers purchased from Operon Technologies, Inc. (Alameda, CA). As noted in Figures 8 and 9 , only one strand of sequence could be obtained for portions of the telomeric repeat regions due to the poor progression of the polymerase through these simplesequences.
RESULTS
Isolation of A. thaliana telomeres in yeast
To learn more about the molecular organization of A. thaliana telomeric regions we isolated telomeric restriction fragments from this plant by selection for DNAs which could function as telomeres, or be recognized as telomeres, in the yeast, S. cerevisiae. The cloning strategy is outlined in Figure 1 and detailed in Materials and Methods. Briefly, high molecular weight A. thaliana DNA was digested with an endonuclease and circularized under dilute conditions to enrich telomeric restriction fragments, containing one restricted end and one telomeric end, which can not be ligated into a circle. The telomeric restriction fragments were then ligated to a yeast artificial chromosome vector which carries only one telomere. After the chimeric molecules were introduced into yeast cells, transformants were selected and screened for cross-hybridization with an A. thaliana telomeric probe ([TTTAGGG],,). Eight transformants carrying plasmids which cross-hybridized to the plant telomeric probe were identified from a total of 1272 transformants. Preliminary restriction analysis indicated that the eight clones represent six distinct genomic sites. Genomic DNAs from the yeast transformants were examined to determine if they carried linear plasmids with a new telomere derived from an A. thaliana telomeric-sequence. Southern blotting experiments showed that the A. thaliana telomeric probe hybridized to diffuse bands in all the transformants but did not hybridize to any sequences in the untransformed yeast host (data not shown; See Figure 2 ). The diffuse bands suggest that the A. thaliana telomeric repeats are found at the ends of a linear episome since such hybridization signals are hallmarks of telomeres in yeast, and in most organisms, which possess varying number of telomeric repeats at each chromosomal end.
One of the transformant lines, designated YTl (BF305-15d[YpAtTl]) ; was analyzed in more detail to determine if the A. thaliana telomeric repeats lie close to a telomere on the yeast episome. YTl genomic DNA was digested progressively with nuclease Bali 1 to remove sequences from the ends of linear DNAs, followed by restriction endonuclease digestion and Southern analysis. The behavior of telomeres in such an 'exonuclease-sensitivity' assay is shown in the left panel of Figure The genomic sequences isolated on YpAtTl and YpAtT? were derived from chromosomal termini in A. thaliana We focused our characterization on two linear yeast episomes, YpAtTl and YpAtT7 (carried in yeast transformants, YTl and YT7, respectively), containing A. thaliana telomere crosshybridizing sequences. To facilitate these studies, we constructed circular plasmid derivatives of YpAtTl and YpAtT7 which could be propagated in E. coli as described in Materials and Methods. The structure of the plant genomic sequences carried on the circular plasmids are shown in Figure 3 . The DNA sequences which cross-hybridize to the A. thaliana telomeric repeats are denoted by the black boxes at the right end of both inserts. This is the end of the insert which corresponds to the free end of the linear yeast episomes YpAtTl and YpAtT7 and is the expected position of the terminal telomeric repeats. The remainders of both inserts are composed of both single-copy (open boxes) and repeated DNAs (patterned boxes) which do not cross-hybridize to telomeric repeats. Since the A. thaliana genome contains telomere-similar sequences at non-telomeric locations (30) , it was necessary to determine if the A. thaliana genomic sequences on YpAtTl and YpAtT7 were derived from chromosomal termini. DNA probes from the single-copy regions of the clones, indicated as TAS-1 and TAS-7A in Figure 3 , were used as hybridization probes on Southern blots of Ba/31-treated A. thaliana Landsberg DNA. The TAS-1 probe hybridized to a diffuse Xbal band centered around 6 kb in the lane containing non-Ba/31-treated DNA (See Figure 4 , left panel). This band behaved like a telomeric fragment, shifting to a faster mobility upon increasing Ba/31 pretreatment. Similarly, the unique TAS-7A probe recognized a co-migrating 6 kb Xbal band which was also diffuse and sensitive to exonuclease (Figure 4, center panel) . As a negative control, the filter shown in the left and center panel was rehybridized with a nontelomeric probe, a portion of rDNA. As seen in the right panel of Figure 4 , the rDNA fragments did not change mobility indicating that random degradation of genomic sequences can not account for the behavior of the TAS crosshybridizing bands. Moreover, similar blots were hybridized with the A. thaliana telomeric repeat probe and several diffuse Ba/31 -sensitive bands were seen, including one which comigrated with the unique bands seen in Figure 4 (data not shown). These data indicate that the genomic sequences isolated on YpAtTl and YpAtT7 were derived from chromosomal termini in A. thaliana.
The difference between the size of the YpAtTl and YpAtT7 inserts and the genomic Xbal fragments they represent is most likely due to removal of tracts of plant telomere repeats in yeast before addition of the [TG|_ 3 ] n yeast telomere cap. Such processing is well documented in other instances where heterologous telomeres were introduced into yeast (See Discussion). Southern blot experiments demonstrated that the structure of the cloned YpAtTl and YpAtT7 TASs match that found in the genomic DNA indicating that no deletions or rearrangements of the TASs took place (data not shown).
A region of the YpAtT7 TAS is repeated at other telomeres
The YpAtT7 TAS contains both single-copy sequences, represented by probe TAS7A, and repeated sequences. Lying between the terminal telomeric repeats and the single-copy region are sequences found in multiple copy in the ecotype Landsberg, from which the original telomere library was constructed. Probes from the region abutting the telomeric repeat domain (Figure 3 , striped box) hybridized to bands expected from the restriction map of the insert in addition to discrete bands (data not shown).
We estimate that the copy number of this region is approximately two to three per genome. Moving away from the telomere we found a region, denoted by the stippled box, containing sequences which also hybridized to additional bands on Southern blots; in this case, the additional hybridization signal corresponded to diffuse bands diagnostic of telomeric restriction fragments. As shown in Figure 5 (lane 0), hybridization with probe TAS-7A detected a broad smear as well as a band corresponding to the YpAtT7 insert on Southern filters containing Dral digested Landsberg genomic DNA. Both the discrete 2.1 kb Dral band and the smear of hybridization were sensitive to exonuclease pretreatment with the expected delayed degradation of the discrete band representing sequences lying several kilobases from a chromosomal terminus. Rehybridization of the filter with the rDNA probe rules out non-specific degradation of genomic sequences (data not shown, provided to referees). These results indicate that the YpAtT7 TAS contains sequences that are found close to at least one other chromosomal terminus. We have been able to resolve the single Dral smear into at least five diffuse bands using the endonuclease BstEU, indicating that the YpAtT7 TAS repeat is found close to several chromosome ends (data not shown).
The Landsberg YpAtTl TAS cross-hybridizes to a second telomere in ecotype Columbia
While the TAS isolated in YpAtTl is unique in the A. thaliana ecotype Landsberg, Southern blot experiments indicated that the Columbia ecotype contains a second sequence which crosshybridizes with the TAS-1 probe (See Figure 6A) . This second locus appeared as a diffuse band on Southern blots suggesting that the Landsberg YpAtTl TAS may recognize sequences adjacent to a different telomere in the Columbia ecotype. Southern analysis of BaBl -treated Columbia DNA was undertaken to investigate this possibility. Figure 6B demonstrates that the second, weak, diffuse Ncol Columbia band (4.5 to 5 kb, denoted by the bracket) is telomeric since it was preferentially degraded in parallel with the darker telomere bands in Columbia and Landsberg. Again, as a negative control, the blot was rehybridized with a rDNA probe to verify that non-telomeric sequences were not degraded (data not shown, provided to referees).
Ecotype differences in telomere length
During the course of these studies, we noticed a consistent difference in the length of telomeric restriction fragments between the two common A. thaliana ecotypes, Columbia and Landsberg. This is evident in Figure 6A ; the Landsberg telomere detected by probe TAS-1 is larger than the corresponding Columbia telomere. We found no evidence for structural polymorphisms in the TAS corresponding to the YpAtTl telomere to account for these differences, which we assign to variations in the length of the telomeric repeat tract. The Landsberg telomere is approximately 600 bp longer than the corresponding Columbia telomere (using the center of the dispersed band as a reference point); the difference represents roughly 80-90 repeats of a seven bp telomeric motif.
A. thaliana telomeric regions are methylated
Several of the restriction endonucleases which cut the cloned TASs did not generate the expected fragments when genomic DNA was the substrate. The most likely explanation for this difference is that cytosine methylation masks restriction sites in the genomic DNA. Methylated cytosines in plant nuclear genomes occur at the sequence CpNpG as well as CpG (31) . To search for the presence of methylated cytosines at these sequences we monitored the ability of endonuclease isoschizomer pairs EcoKWBstNl (CCA/TGG) and HpaWMspl (CCGG) to cleave the genomic TASs. Neither EcoRH and HpaU will cut if the second C in their respective recognition sequence is methylated (32) . Consequently, differentia] cleavage by the two isoschizomers pairs reflects methylation at both CpG (cleavage with Mspl but not HpaU) and CpNpG (cleavage with BstNl but not EcoRll). In addition, CpNpG methylation can also block Mspl digestion as this enzyme will not cut 5mCCGG (32) .
The genomic Southern blot shown in Figure 7A suggests that the YpAtTl TAS is highly methylated at both CpG and CpNpG. As seen in Figure 3 , The YpAtTl TAS has four HpaWMspl sites and one EcoRWBstM site. The latter site in the genomic DNA is methylated since no EcoRR cleavage was detectable but BstNl cut completely. Similarly, HpaU did not cleave within the genomic TAS indicating that the CCGG sequences are methylated at the second cytosine residue. Moreover, the extremely inefficient cleavage by Mspl suggests that the first cytosine in most CCGG sequences is also methylated. Figure 7B shows a similar Southern analysis of the methylation status of genomic sequences which cross-hybridize to the repeat found in YpAtT7 TAS (probe TAS7B). Again, there was a marked difference between the hybridization signals in the lanes containing DNA digested with isoschizomer pairs indicating the genomic sequences recognized by the probe are heavily methylated.
DNA sequence of the telomeric repeat block and distal TAS region in YpAtTl and YpAtT7
The DNA sequence of the telomeric repeat block and adjacent TAS from both YpAtTl and YpAtT7 were determined to learn more about the structure of the telomeric repeat arrays and telomere flanking regions. We note several features in the sequence of the terminal portion of the YpAtTl insert (distal to the Pstl site) displayed in Figure 8 . At the most distal end of the block is the [TG|_ 3 ] n yeast telomeric cap added to the ends of heterologous telomeres during propagation in yeast (5, 6, 33, 34) . Adjacent to the yeast telomere repeats is a region containing tandem arrays of the previously established 111 A-GGG A. thaliana telomere repeat sequence. Moving toward the interior of the chromosome, a region containing variant repeats is encountered; the most prominent variant being TTAAGGG. In contrast to the distal [TTTAGGG] n domain, the structure of the variant repeat region is less regular, with interspersion of TTTAGGG, TTAAGGG and TTAAAGG repeats, although all repeats are of uniform size. The interspersion does not appear to be random, however, as a higher order organization can be discerned in the variant repeat region (see dashed arrows in Figure 8 ). The telomeric repeat block decays further towards the centromere-proximal edge of the repeat block which is comprised of several degenerate telomeric repeats of varying size and sequence. Despite this degeneration, a relatively clear boundary can be drawn between the telomeric repeats and the TAS (at nucleotide 80 in Figure 8 ). The TAS region which abuts the telomeric repeat block is notably AG-rich (81%, nucleotides 10-80). Few additional distinguishing features are present in the remainder of the 0.5 kb of YpAtTl TAS we have sequenced (EMBL Z12169).
The primary nucleotide sequence of the YpAtT7 telomeric repeat block and adjacent TAS is shown in Figure 9 . The telomeric arrays in this clone also display a substructure. Directly internal to the terminal yeast telomere cap is a variant repeat region containing numerous TTCAGGG repeats, followed by region comprised of TTTAGGG repeats. The centromereproximal boundary of the telomeric repeat block consists of a variant repeat domain which gives way to a stretch of degenerate repeats before the TAS begins. At the junction between the telomeric repeats and the TAS in YpAtT7 we note two 15 bp repeats in direct orientation but few other structural features are evident in the primary sequence of the adjacent 1.7 kb TAS (EMBL Z12170), including the region encompassing the conserved telomere flanking repeat. The YpAtTl and YpAtT7 TASs do not exhibit any significant similarity to DNA sequences present in the databases, nor do they contain any large open read frames.
DISCUSSION
We have extended our analysis of plant telomeres through study of linear yeast plasmids which carry pieces of A. thaliana telomeric and contiguous telomere-associated DNA. Eight clones were isolated which cross-hybridize to A. thaliana telomeric repeats after selection for stabilization of yeast centromere plasmids carrying only one telomere. Similar functional complementation schemes, which rely on the structural and functional conservation of telomeres (2, 33, 35) , have been used to isolate telomeric DNA from humans (26, 36, 37, 38, 39) .
Here, we focused on characterizing two of the eight putative A. thaliana telomere clones isolated in yeast and presented evidence that the A. thaliana DNAs which serves as telomeres in yeast plasmids YpAtTl and YpAtT7 were derived from bona fide plant chromosomal ends. Study of these A. thaliana telomeric DNAs yields insight into the structure and organization of plant chromosomal termini.
Telomeric Repeat Structure
We previously reported the isolation of a short (= 400 bp) stretch of A. thaliana telomeric sequence composed almost entirely of tandem arrays of TTTAGGG repeats (24) . In contrast, the telomeric block isolated on YpAtTl is comprised of subdomains forming a gradient progressing from TTTAGGG repeats in the most distal region to variant repeats and finally degenerate repeats in the centromere-proximal domains. A similar organization is present in the YpAtT7 telomeric repeat block, however, a variant repeat region is also found at a more distal position. We think the substructure seen in the cloned telomeric fragments reflects the organization of the telomeric block in vivo but caution must be taken since, as noted earlier, propagation in yeast leads to loss of heterologous telomere sequences and terminal addition of TG,_ 3 repeats (26, 33, 34, 36, 37, 39) . This sequence loss could be caused by trimming back the longer plant telomeres in yeast or interstitial deletion of the plant telomere block. Either mechanism would likely preserve the centromere-proximal edge of the telomere block; consequently, we believe the degeneration of the telomere repeats in centromere-proximal regions is real. Support for this conclusion comes from genomic Southern analysis indicating that Msel cleavage sites (TTAA), which fall within the common variant repeat, TTAAGGG, are not distributed throughout the telomeric repeat block but are restricted to the centromere-proximal region (data not shown). The presence of variant telomeric repeats clustered around the centromereproximal border of the telomeric repeat block has also been reported in humans (3, 5, 6, 40) . Allshire et al. (3) suggests that the variant repeats may be functional or simply a consequence of the divergence of the centromere-proximal repeats which are buried and not corrected by the normal process of telomere replication which presumably occurs at the end of the repeat block (e.g., by a putative telomerase).
The size of the terminal repeat block of the native telomeres corresponding to the YpAtTl and YpAtT7 inserts can be estimated from the data presented in Figures 3 and 4 . As noted above, there is a size difference between the cloned inserts (YpAtTl =3.0 kb; YpAtT7 = 3.7 kb) and their cognate 6 kb telomeric Xbal fragments which is attributable to loss of plant telomeric repeats in yeast. We calculate that the native telomeres had approximately 3.5 kb of telomeric repeats, taking into account the length of the telomeric sequences which remain on the inserts (YpAtTl = 0.5 kb; YpAtT7 = 1.0 kb). This figure is larger than our previous estimate of A. thaliana telomeric repeat block size, 2 2.5 kb (24) , and may reflect differences between physiological conditions of the plants used in the different DNA preparations. We have noticed some variation in the size of telomeric restriction fragments even among isogenic sibling progeny (Eric Richards, unpublished), although the consistent ecotype differences in telomere length suggest genetic control of telomere length must be operating as well.
Telomere-Associated Sequences The main motivation for undertaking the study of telomereassociated regions in A. thaliana was to learn how a plant genome is organized at the end of the chromosomal molecule. A. thaliana is notable among higher plants for its small genome size (41) , currently estimated to be approximately 100 Mb. Like most eukaryotes with small genomes, A. thaliana has a genome composed mainly of long stretches single-copy sequences and sequestered blocks of the repeated DNAs (i.e., long-period interspersion) (42) . In this light, it is intriguing that the YpAtTl TAS is single-copy up to the junction with the terminal telomeric simple-sequence block, in contrast to most characterized TASs which are moderately repeated and located in the subterminal regions of different chromosomes. The organization of the YpAtT7 TAS is more characteristic of previously described telomere flanking regions from other organisms, but single-copy sequences are still found less than 2 kb from the edge of the terminal YpAtT7 telomeric repeat block. Further characterization of the isolated telomere clones should indicate if the corresponding chromosomal arms lack a non-genic buffer region between the genie component and the telomere. We would expect, however, that some A. thaliana telomere flanking regions will be composed of repetitive DNA based on the presence of C-band positive heterochromatin at several A. thaliana chromosomal termini (43) . Perhaps single-copy TASs, such as those described here, will lie between the telomere and more centromere-proximal blocks of repetitive DNA. Evidence for spacers separating the terminal simple-sequence blocks and subtelomeric satellite repeat arrays has been recently presented for tomato chromosomes (44) .
Although the YpAtTl TAS is single-copy in the Landsberg ecotype, it shares a limited similarity with a second TAS in the Columbia ecotype. Similar variable distributions of TASs in yeast and humans have been taken as evidence of genomic rearrangements or exchange of sequence information between different chromosomal termini (5, 6). The weak crosshybridization to the second Columbia telomere may be caused by reduced sequence similarity or a presence of a short region of high similarity.
The A. thaliana YpAtTl and YpAtT7 TASs exhibit a common feature of telomere-associated regions in humans: a high degree of cytosine methylation (6, 7) . The YpAtTl TAS may be an exception to the normal distribution of methylated cytosine residues in A. thaliana, which is heavily skewed towards the repeated DNA component (42) . Methylation of the human TASs appears to be under developmental control, as de novo methylation of TASs leads to higher levels of methylation in somatic versus germ line cells (6, 7) . It will be of interest to determine if comparable developmental alterations in TAS methylation levels occur in A. thaliana.
Further investigation of the A. thaliana telomere clones isolated here should provide a more complete molecular description of the chromosomal termini of a higher plant. It is also anticipated that the TASs will prove useful as landmarks for the end of the physical and genetic map of A. thaliana.
